Abstract. The malaria vaccine RTS,S/AS01, based on immunogenic regions of the Plasmodium falciparum circumsporozoite protein (CSP), has partial efficacy against clinical malaria in African children. Understanding how sequence diversity in CSP T-and B-cell epitopes relates to naturally acquired and vaccine-induced immunity may be useful in efforts to improve the efficacy of CSP-based vaccines. However, limitations in sequencing technology have precluded thorough evaluation of diversity in the immunogenic regions of this protein. In this study, 454, a next generation sequencing technology, was evaluated as a method for assessing diversity in these regions. Portions of the circumsporozoite gene (cs) were sequenced both by 454 and Sanger sequencing from samples collected in a study in Bandiagara, Mali. 454 detected more single nucleotide polymorphisms and haplotypes in the T-cell epitopes than Sanger sequencing, and it was better able to resolve genetic diversity in samples with multiple infections; however, it failed to generate sequence for the B-cell epitopes.
INTRODUCTION
Substantial resources are being invested in clinical trials to evaluate the potential of vaccines targeting specific immunogenic antigens of Plasmodium falciparum, including the circumsporozoite protein (CSP) encoded by the circumsporozoite gene (cs). However, malaria vaccine development and testing has generally not been informed by molecular epidemiologic evaluations of how genetic diversity in vaccine antigens in parasite populations may affect vaccine efficacy. For example, vaccines that confer strain-specific protection may not be effective in a parasite population in which the vaccine strain is rare. Furthermore, vaccines may create a selective advantage for non-vaccine strain types, compromising vaccine efficacy. 1 The cs gene is polymorphic, with diversity in regions that code for epitopes recognized by the human immune system. The central repeat region of the cs gene contains tetrameric repeats that vary in both the sequence and number of tetramers. 2 This region codes for epitopes recognized by anti-CSP antibodies. 3, 4 The 3 regions of the cs gene, Th2R and Th3R, encode epitopes that are recognized by CD8+ and CD4+ T cells. 5 The diversity in these regions, which occurs in the form of non-synonymous SNPs, increases as malaria transmission increases across distinct geographic areas, 6, 7 with the highest diversity occurring in Africa. Molecular surveys in Sierra Leone and the Gambia found 42 haplotypes in 99 samples and 24 haplotypes in 44 samples for the regions containing Th2R and Th3R, respectively. 7, 8 The current leading malaria vaccine candidate RTS,S/AS01, which consists of the CSP repeat region and Th regions fused to the hepatitis B surface antigen, has shown modest efficacy in phase 2 trials [9] [10] [11] [12] and is currently being evaluated in a multicenter phase 3 trial in 11 countries in Africa. 13 A follow-up study to a phase 2 trial of the vaccine concluded that there was no selection of non-vaccine strains in vaccinated children versus non-vaccinated children.
14 However, this study, which used Sanger sequencing to detect polymorphism in the regions coding for the T-cell epitopes Th2R and Th3R, excluded samples that could not be resolved into predominant alleles from the analysis. Furthermore, diversity in the central repeat region of the cs gene, which codes for the B-cell epitopes of CSP and is also included in the vaccine, was not considered, presumably owing to the limitations in Sanger sequencing technology.
Sanger sequencing is limited in its ability to detect multiple parasite types in a mixed infection, because this method depends on reading major and minor peaks on a chromatogram to determine allele presence or absence in a sample. The proportion of these peaks may not correlate well with the actual proportion of parasite DNA in a sample, because incorporation of dye-labeled dideoxynucleotide can vary within a sample and be influenced by flanking sequence. 15 Moreover, complete haplotypes for each unique parasite clone that is in a sample cannot be determined by Sanger sequencing. It is also impossible to resolve diversity with respect to repetitive DNA sequences in mixed infections using this sequencing method.
New more powerful sequencing technologies may have the potential to address some of these limitations. 454, a next generation sequencing platform, generates massively parallel DNA sequences from polymerase chain reaction (PCR) products, potentially making it possible to resolve diversity in complex infections. With longer read lengths than other next generation sequencing platforms, 454 might permit sequencing of the variable-length central repeat region of cs that has defied other sequencing methods on field samples. Furthermore, by providing massively parallel sequences of the target region that permits quantification of reads with different variants, this technology may help determine the alleles that are predominant at polymorphic sites more reliably than Sanger sequencing. (3D7, Hb3, and Dd2) for which the sequences are known were created, quantified, and diluted to concentrations of 100, 50, 25, 12.5, and 6.25 ng/μL. 3D7 comprised 60% of each mixture, Hb3 comprised 30%, and Dd2 comprised 10%. The PCR products for each strain were generated in triplicate, and three mixtures were made and serially diluted in parallel. Each of the mixtures was sequenced by both 454 and Sanger sequencing to test the ability of each technology to quantitate the different alleles in a mixture. The sequence output for each dilution was combined for both 454 and Sanger sequencing. The observed allele frequencies for the 454 sequencing method were determined by calculating the percentage of reads that contained each type of allele at each of seven polymorphic sites for each concentration from the three parallel dilutions. The observed allele frequencies for Sanger sequencing were determined by calculating the relative peak heights of the major and minor alleles at each polymorphic site at each concentration from the three parallel dilutions. These frequencies were subtracted from the expected frequency for each allele, and the sums of the absolute value of these differences were averaged for each concentration.
MATERIALS AND METHODS

Standardized
Sensitivity analyses were performed on sequence output generated from each concentration of the standardized mixed infections from each technology to determine a threshold for inclusion of minor alleles from the clinical samples. Each dilution yielded the same inflection points for both technologies, except for the highest concentration, which yielded a slightly higher error rate. At this concentration, erroneous single nucleotide polymorphisms (SNPs) were found at minor allele frequencies of 0.08 and 0.25 for 454 and Sanger sequencing, respectively (data not shown). However, because this concentration was much higher than the concentration of PCR products generated for clinical samples, the results of the middle (25 ng/μL) concentration were used to generate the curves in Figure 1 . The largest numbers of erroneous SNPs were found between the frequencies of 0.025 and 0.01 for 454 and between 0.2 and 0.15 for Sanger sequencing. However, because of the fact that erroneous SNPs were still present at a frequency of 0.05 and 0.075, a conservative minor allele frequency threshold of 0.1 for calling SNPs was selected for 454. A minor allele frequency threshold of 0.2 was selected for calling SNPs by Sanger sequencing.
Clinical sample selection. DNA extracted from 45 parasitepositive filter paper blood samples was used to compare the ability of 454 and Sanger sequencing to detect CSP diversity in field samples. Samples were randomly selected from among participants in a prospective cohort study of malaria incidence conducted in Bandiagara, Mali, from 1999 to 2001, 16 and they represent both clinical and asymptomatic infections detected through passive and active surveillance.
Sanger sequencing. PCR amplification. Two nested PCR assays were designed to amplify a region of the cs gene containing both Th2R and Th3R and the central repeat region. The primary PCR was designed to amplify the region of the gene that contains both regions, and the secondary PCRs amplify Th2R and Th3R as well as the central repeat region individually. The primary forward and reverse PCR primers were GTTGAGGCCTTTTCCAGGAATACCAG and GT ACAACTCAAACTAAGATGTGTTC. Primary PCR conditions were as follows: 30 cycles of 95 C for 30 seconds, 52 C for 30 seconds, and 72 C for 1 minute. Secondary PCR conditions for the repeat regions and ThRs were 30 cycles of 95 C for 30 seconds, 55 C for 30 seconds, and 72 C for 1.5 minutes and 25 cycles of 95 C for 30 seconds, 58 C for 30 seconds, and 72 C for 1 minute, respectively. Secondary primers were the same as the sequence-specific primers shown in Figure 2 . Expected product sizes for the Th region and repeat region were 214 and 516 base pairs, respectively, based on the 3D7 strain of P. falciparum. PCR products were amplified using HotStar Taq (Qiagen, Venlo, The Netherlands). PCR products were loaded on a 2% agarose gel, stained with ethidium bromide, and run at 100 V for 1 hour. Bands were detected using geneSNAP (Synoptics LTD, Cambridge, United Kingdom) gel imaging software.
Sequencing. After amplification was verified by gel electrophoresis, PCR products were purified by vacuum filtration in Excela Pure (Edge Biosystems, Gaithersburg, MD) 96-well plates. Purified PCR product was then amplified and sequenced on a ABI3730 xl at the University of Maryland School of Medicine Biopolymer Laboratory.
Sequence analysis. Sequences were aligned to the 3D7 reference genome using Sequencher (Gene Codes Corp, Ann Arbor, MI) software. For samples containing more than one allele at a polymorphic site, a predominant allele was designated if the secondary peak height was less than or equal to 40% of the height of the primary peak on the chromatogram for that sample. If the secondary peak was greater than 40% of the height of the primary peak, the polymorphic site and sample were designated as mixed, and therefore, haplotypes were not constructed for these samples. Minor alleles that were not represented by a peak that was at least 20% of the primary peak height were not included in the total number of SNPs discovered in Sanger sequencing output.
454 sequencing. PCR amplification. The primary PCR used for 454 sequencing was identical to the PCR used for Sanger sequencing. Secondary PCR primers contained specific adapters necessary for the emulsion PCR 17 step of 454 sequencing as well as unique barcodes to identify sequences from individual samples (Figure 2) .
Multiplexing. The concentration of each PCR product was determined by band intensity compared with a standard of similar molecular weight using geneSNAP software, and 100 ng of each product were then pooled. PCR products for each region were pooled separately.
Sequencing. Pooled PCR products were sequenced at the University of Maryland School of Medicine Genomic Resource Center on the GS FLX Titanium 454 Platform (Roche Diagnostics, Branford, CT).
Sequence analysis. Sequences were aligned using gsAmplicon (Roche Diagnostics, Branford, CT) software. For samples containing more than one allele at a polymorphic site, predominance was determined if the majority allele was present in 71% or more of all reads obtained for that sample. If a majority allele could not be determined, that polymorphic site was considered mixed. Haplotype information, however, was still obtained for samples with mixed polymorphic sites.
RESULTS
Detection of allele frequencies in standardized mixed infections. The average difference between observed and expected allele frequencies for 454 was less than 0.1 for each concentration. The highest difference was 9%, which occurred at a concentration of 100 ng/μL and decreased with decreasing concentration, leveling off at 12.5 ng/μL. The average difference between observed and expected allele frequencies for Sanger sequencing also decreased from high to low concentrations, with the highest (0.38) occurring at 100 ng/μL and the lowest (0.14) occurring at 6.25 ng/μL. Overall, the difference between observed and expected allele frequencies was lower at each concentration for 454 than Sanger sequencing (Figure 3 ). The proportion of correctly identified predominant alleles was 91% and 75% for 454 and Sanger sequencing, respectively (data not shown).
SNP detection. A total of 17 and 9 SNPs were detected by Sanger sequencing (two times coverage, forward and reverse) in Th2R and Th3R, respectively, from the 45 samples selected for sequencing. A total of 24 and 14 SNPs were detected by 454 in Th2R and Th3R, respectively (Figure 4) . The average coverage of the Th regions in 454 sequence output was~500 + , with a range of~200-1,000 Mean difference between observed allele frequency in sequence output for 454 and Sanger sequencing and expected allele frequency in five dilutions of standardized mixed infections. The average difference between observed and expected allele frequencies in 454 output was less than 0.1 for each concentration (100, 50, 25, 12.5, and 6.25 ng/μL) and greater than 0.1 for each concentration in Sanger sequencing output. The largest differences occurred at the highest concentration for both technologies. Statistical significance was calculated using a Student t test and is denoted by an asterisk.
Haplotype detection. The total number of haplotypes found in Th2R and Th3R, respectively, was 24 and 10 in Sanger sequencing output and 72 and 14 in 454 output ( Figure 4 ). Only haplotypes representing at least 10% of all 454 reads obtained for a sample were included (Genbank accession numbers JN849502-JN849573). Samples that contained polymorphic sites with more than one allele in Sanger sequencing output could not be resolved into haplotypes and therefore, were excluded from haplotype analyses. The proportion of unique haplotypes to the total number of haplotypes detected was 0.53 (24/45) for Sanger sequencing and 0.49 (72/147) for 454.
Mixed infections. Most samples (39 of 45) contained more than one distinct parasite type based on 454 data, whereas only 20 samples had more than one haplotype detected by Sanger sequencing with respect to Th2R, the Th region with the most diversity (Figure 4) .
Determination of majority alleles. Of the SNPs identified as majority alleles by either 454 or Sanger sequencing, approximately 74% were identified as majority alleles by both technologies, 24% were identified as a majority allele by one technology and not the other but were detected by both, and 2% were identified as the majority allele by 454 but not detected by Sanger sequencing with respect to Th2R. In the case of Th3R, approximately 77% were identified as majority alleles by both technologies, 18% were identified as a majority allele by one technology and not the other but were detected by both, and 4% were identified as the majority allele by 454 but not detected by Sanger sequencing ( Figure 5 ). There were no samples in which an allele was identified as predominant in Sanger sequencing output and not detected by 454.
Haplotype diversity. The number of distinct haplotypes found within each sample with respect to Th2R and Th3R was explored in 454 data. An average of 3.5 parasite types were found with respect to Th2R (range = 1-8), and an average of 2.5 parasite types were found with respect to Th3R (range = 1-4) ( Table 1) .
Sequencing the repeat region. Complete sequences for the region of the cs coding for B-cell epitopes were not obtained, and therefore, diversity and haplotype data could not be generated for this region. 64% more SNPs in Th3R than Sanger sequencing. 454 was also more accurate at identifying diversity in a known mixture of parasite clones. A previous study has shown that adjustments can be made to peak height in chromatograms to diminish inaccuracies caused by dye effects in Sanger sequencing when sequencing genomic DNA. 18 However, it is unclear how well these methods would work for sequencing field samples, particularly filter paper blood samples, which tend to have DNA of poorer quality and variable quantity.
A relatively high minor allele frequency was used for defining SNPs (at least 10% of all reads) to strengthen confidence that the SNPs included in the analyses were genuine and not products of PCR or 454 sequencing error. The 10% limit is very conservative, being well above both the lower minor allele frequency thresholds typically used for SNP discovery and the error rates reported by the manufacturers; 0.4% error is reported for HotStar Taq polymerase, and for GS FLX Titanium, a 1% error rate for read lengths of 400 base pairs and better for smaller read lengths is reported. Also, it was two times the frequency at which erroneous SNPs were discovered in the sensitivity analysis performed on the standardized mixed infections. Additionally, one base pair indels were excluded from the analysis, because one of the limitations of pyrosequencing is that it has a higher error rate when sequencing homopolymers (stretches of a single base such as AAAA). This exclusion was used to help ensure that erroneous SNPs were excluded from the analysis and also to increase confidence in our main conclusion about the comparative ability of the sequencing platforms to detect diversity; however, it does raise the possibility that some real SNPs were also excluded.
Because this study was not focused on detecting rare variants, the conservative threshold for SNP calling would not have affected the conclusions drawn; however, using a lower threshold would have compromised our goal of comparing the ability of the two sequencing methods to detect genetic diversity in polymorphic genes in the same samples, because a seemingly more sensitive method might simply have detected more false-positive SNPs if too low of a minor allele threshold was used for SNP calling. For 454 applications where detecting infrequent alleles is important, a lower minor allele frequency threshold could likely be identified using more rigorous SNP-calling algorithms. The proportion of unique haplotypes to total haplotypes detected was reassuringly similar for Sanger sequencing (0.53) and 454 (0.49); however, the data from this study showed that using 454 more than tripled the number of evaluable haplotypes that were generated from a sample set. In 45 samples, 72 haplotypes were found in Th2R alone, whereas in earlier studies using Sanger sequencing on samples from other West African settings with similar malaria epidemiology, only 24 haplotypes were found in 44 Gambian samples 7 ; also, just 42 haplotypes were found 8 for Th2R and Th3R combined in 99 samples from Sierra Leone.
The high number of SNPs and unique haplotypes in our study is consistent with this region of the cs gene being under diversifying selection pressure. 19 Although no evidence has yet been reported of selection of non-vaccine variants of CSP after immunization with CSP-based vaccines, this evidence of diversifying selection supports the notion that genetic variation in CSP may be driven by the human immune system and could be important in naturally acquired and vaccineinduced immunity.
The results of the sensitivity analysis revealed different error rates for the highest DNA concentrations for both technologies. A possible explanation for this finding may be that the high concentration of DNA results in signal interference. In output from Sanger sequencing, base ambiguities may result from overlap between peaks. In 454 output, light signals that occur when bases are incorporated can bleed into signals from surrounding reactions, which may result in errors.
A few alleles were determined to be majority alleles by 454 but were not detected by Sanger sequencing. Two possible explanations for this finding are (1) the majority alleles were actually not majority alleles and were the result of PCR bias or (2) these alleles were on the lower end of the cutoff for a majority allele by 454 and were detected as a minority allele in Sanger sequencing but excluded because of the minority allele cutoff for this method. Given the variability found in the results from the sensitivity analysis performed on laboratory strains for direct sequencing, the second explanation is more likely.
Despite several attempts and extensive troubleshooting, complete sequence data could not be generated for the cs repeat region, which seems to not be amenable to sequencing in filter paper samples using current 454 technology. Longer read lengths are required to get full coverage across this~450-to 550-base pair region. Although read lengths in this range are possible on the GS FLX Titanium 454 Platform, they are at the upper limit of what is routinely obtained. In addition, a known limitation of pyrosequencing is difficulty in reliably generating data on long repetitive DNA sequences because of nucleotide exhaustion resulting in premature termination of read synthesis (Tallon L, personal communication). It was initially thought that, because the cs gene repeats with 12 nucleotides are longer than many short tandem repeats, 454 could still be a viable option for this region. However, despite the longer length of the repeat, premature termination still occurred. Because diversity in the cs repeat region may be an important driver of allele-specific natural and vaccine-induced immunity, technology development efforts that will enable sequencing this region are warranted.
The results of these initial studies show that there is more extensive polymorphism in the regions of the cs gene coding for T-cell epitopes than has been previously described in this geographic region. Additional examination of polymorphism in CSP in vaccine trials and epidemiological studies may elucidate the contribution of CSP immunity to clinical protection against malaria and inform the development of improved CSP-based vaccines. As read lengths continue to improve and costs continue to decline, 454 and other next and third generation sequencing platforms may be better suited to handle the long repeats of the cs gene; therefore, important diversity in this important region can be examined. Until the entire cs gene, including the repeat regions that are thought to drive protective humoral immunity, can be fully sequenced in a high-throughput fashion, the role, if any, of allelic diversity in limiting the efficacy of RTS,S and other CSP-based vaccines will remain uncertain. With RTS,S continuing to show modest protective efficacy in a large phase 3 trial as it moves to licensure, 13 the ability to sequence the full cs gene in thousands of filter paper samples could be a critical technical advance that would aid the possible improvement of this first partially successful malaria vaccine.
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